The biological fate of temperate phage HP1 deoxyribonucleic acid (DNA) was followed after uptake by defectively lysogenic competent Haemophilus influenzae cultures. The similar inactivation kinetics of three single phage genetic markers and of their triple combination indicated a complete rather than partial destruction of about half of the adsorbed DNA molecules. Intracellular DNA breakdown prodfucts were tentatively identified by hydroxyapatite column chromatography as short single strands and extensively damaged short double strands. Integrated donor DNA (after single-strand insertion?) was still highly efficient for triple-marker co-transformation. This suggests that whole or nearly whole donor DNA molecules were integrated. Some donor DNA was never integrated but remained largely unaltered. This DNA fraction did not contain significant amounts of recipient prophage marker activity. It is concluded that it had not participated in some kind of reciprocal recombination event involving the recipient chromosome. Since very similar phage DNA marker inactivation rates were observed after adsorption by competent nonlysogenic recipients (transfection), the relationship between biological inactivation of adsorbed donor phage DNA and its integration in lysogenic recipients is not clear.
The biological fate of temperate phage HP1 deoxyribonucleic acid (DNA) was followed after uptake by defectively lysogenic competent Haemophilus influenzae cultures. The similar inactivation kinetics of three single phage genetic markers and of their triple combination indicated a complete rather than partial destruction of about half of the adsorbed DNA molecules. Intracellular DNA breakdown prodfucts were tentatively identified by hydroxyapatite column chromatography as short single strands and extensively damaged short double strands. Integrated donor DNA (after single-strand insertion?) was still highly efficient for triple-marker co-transformation. This suggests that whole or nearly whole donor DNA molecules were integrated. Some donor DNA was never integrated but remained largely unaltered. This DNA fraction did not contain significant amounts of recipient prophage marker activity. It is concluded that it had not participated in some kind of reciprocal recombination event involving the recipient chromosome. Since very similar phage DNA marker inactivation rates were observed after adsorption by competent nonlysogenic recipients (transfection), the relationship between biological inactivation of adsorbed donor phage DNA and its integration in lysogenic recipients is not clear.
Three main aspects characterize the phenomenon of genetic transformation in Haemophilus influenzae. (i) Roughly 20% of the adsorbed transforming deoxyribonucleic acid (DNA) is broken down by competent recipient cells to acid-soluble products (5, 15, 16) . (ii) Between 60 and 80% of the genetic markers in the donor DNA lose their biological activity within 20 to 40 min after adsorption (5, 13, 15, 19) . (iii) A few out of every 10 genetically marked DNA molecules are involved in the actual integration process (13, 19) which takes place in the form of single-strand insertion (9) . I have recently reported that the acid-soluble degradation of adsorbed transforming DNA probably involved the complete destruction of whole DNA molecules (15) , and I concluded that this breakdown is thus not likely to be part of the donor DNA integration process.
In Diplococcus pneumoniae and Bacillus subtilis genetic transformation systems, part of the adsorbed donor DNA is converted to single strands (2, 3, 6, 10) . No single donor DNA strand intermediates have been found in H. influenzae transformation (9, 13, 15) . This can be understood if single donor strand insertion follows very quickly after synapsis of donor and recipient DNA double helixes. Donor DNA molecules are then partially genetically destroyed as a consequence of this insertion, but the breakdown products are not acid soluble (15) . In this view, the biological inactivation of donor DNA is part of the integration process.
In the last few years there has been developed a novel transformation system using recipient bacteria which are defectively lysogenic for phage HP1 (4). Donor DNA is extracted from purified phage. Such DNA is readily adsorbed and integrated into the resident prophage by the genetically normal transformation-type exchange reaction (18) . This system has several important advantages. (i) Donor DNA is extremely homodisperse, in fact, all molecules are identical (14, 17) . (ii) All molecules carry the same genetic marker or markers. (iii) The fate of this DNA after uptake by a defective lysogen (transformation) can be compared to the changes the DNA undergoes after uptake by a nonlysogen (transfection). There is no homology between phage HPlcl and host DNA (1) and, thus, events such as donor-recipient DNA synapsis and integration cannot occur in nonlysogenic recipients.
I conclude from my studies with radioactively labeled phage HP1 DNA that, out of every ten molecules adsorbed by defective lysogens, about two are completely depolymerized (15) ; one or two are integrated as whole or nearly whole molecules (single strands?); one or two are not integrated at all but remain largely unaltered; and four to six molecules are completely biologically inactivated. The inactivation products have been isolated in the form of short single strands and damaged double-stranded fragments. Since the latter inactivation appeared to occur also in nonlysogenic recipients, its relationship to the actual integration process is not clear. The nonintegrated DNA fraction was shown not to contain significant amounts of recipient genetic prophage markers, and it is concluded that it is not a recombinant product.
MATERIALS AND METHODS
H. influenzae strains, media, techniques, and methods have been described previously (15) . All lysogenic cultures used were constructed by direct lysogenization of one nonlysogenic culture. The latter is a derivative from wild-type Rd provided by C. S. Rupert. For biological assays of reextracted DNA, 0.2 ml of properly diluted solutions was mixed with 1.8 ml of antibiotic-sensitive defectively lysogenic competent cells at 2.5 x 108 colony-forming units per ml, and scored after 30 min at room temperature for either antibiotic-resistant transformants, wild-type lysogenic transformants, or both. These assays were always done in the linear DNA concentration response range. Donor DNA was extracted from purified wildtype or mutant phage HP1 (4). Recipient cultures were either defectively lysogenic or nonlysogenic. Phage DNA concentrations were taken from the measured phage titers before phenol extraction and from transforming assays. Radioactivity was always between 1 x 105 and 2 x 101 counts/min per ug of DNA. The temperature-sensitive (ts) prophage mutation NG137 is believed to be located some 10 map units from the left end, the plaque morphology mutation NG140 is located 25 to 50 map units from the right end, whereas the very ts mutation NA118 is roughly in the center (14) . The mature phage genetic map is believed to be unique and very similar to the prophage map (14, 17) ; it is about 250 map units long. Phage HP1 DNA cosediments with Escherichia coli phage T7 DNA during sucrose density-gradient centrifugation. I have now mapped some 40 unconditionally defective prophage mutations, five plaque-morphology mutations, and 15 ts mutants. High-quality phage DNA, as well as prophage DNA, has the following properties: transforming activity of the terminal NG137+ marker relative to the central NA118+ one is 1.0 to 1.2; NG140+ marker, 0.8 to 1.0; triple co-transformation, 0.2 to 0.3; and transfection (mature phage DNA), 2 x 10-4. In my laboratory, the transfection response is very nearly linear with DNA concentration. The absolute transforming activity of the phage DNA NA118+ marker (activity per molecule) is about 0.08. The transfecting activity of prophage DNA is roughly 10 times higher than that for mature phage DNA.
RESULTS
Biological inactivation of adsorbed phage donor DNA. In all experiments, highly purified 32P-labeled phage HP1 DNA was mixed with competent bacteria at 109 colony-forming units per ml to give a ratio of one molecule per cell. The suspension was gently shaken for 5 or 10 min at 30 C, and then rapidly chilled in an ice slurry. The bacteria were centrifuged in the cold and the supernatant was carefully drained off. The cells were resuspended in the same volume of fresh broth and shaken at 38 C. Uptake of DNA ranged from 20 to 60%; the actual multiplicity of infection was thus always less than one. In this way I avoided possible complications stemming from multiple uptake of DNA molecules by a significant fraction of the recipient cells. On the other hand, the radioactivity input per 109 bacteria was quite low, i.e., between 2,000 and 5,000 counts/min. Successive washing of the cells with either SSC (0.15 M NaCl, 0.015 M sodium citrate) or pancreatic deoxyribonuclease (10 jig/ml in 0.1 M NaCl and 3 mM CaCl2) removed insignificant amounts of radioactivity and was not done in the experiments described here. Samples taken at various times were centrifuged in the cold, and the cells were resuspended in SSC at 109 colony-forming units per ml after which they were lysed with 1% sodium lauryl sulfate and 0.2% preheated Pronase for 60 min at 42 C. The acid-soluble radioactivity in such lystates was always less than 2% of the initial input. The lysates were diluted 300 to 1,000 times into the various defectively lysogenic assay cultures. Figures 1  and 2 show the kinetics of inactivation of the various phage DNA markers after adsorption by either a triply defective lysogen or by a nonlysogenic culture. Two significant aspects of these :t, results are: the donor phage DNA is inactivated quite similarly by lysogenic and nonlysogenic recipients; and the kinetics of inactivation are similar for the central NA118+ marker, the terminal NG137+ one, and for the triple combination. Thus, at any time after adsorption, the ratio of surviving triple co-transforming activity to that of the central marker was found to be largely unaltered, i.e., about 0.25. This suggests that the genetically surviving donor DNA was either undamaged or had suffered only minor changes. Single-or double-strand breaks would have resulted in greatly reduced co-transforming activity. These results thus indicate the possibility that the intracellular biological inactivation involved the total genetic destruction of a large fraction of the adsorbed donor DNA molecules.
Integration of donor DNA. Integration of donor DNA, as defined by its cosedimentation with recipient DNA in sucrose density-gradient centrifugation, begins after 20 min of incubation and appears to be completed after 60 to 90 min under my experimental conditions (13, 15) . I decided to examine this for the new transformation system and to determine the state of integrity of integrated and nonintegrated donor DNA. Centrifugation of 0.1 ml of a zero-time, a 20-and 60-min lysate (prepared in an experiment similar to the one described in Fig. 1 (Fig. 3) . However,-even at that time not all donor DNA appeared to be integrated since part of the donor radioactive label and the donor phage marker assayed had sedimented with a velocity characteristic formature phage DNA. Two important aspects of this experiment (and all repeated ones) were: recovery of radioactivity from the gradients was incomplete at 20 min (70 to 80%), 60 min (30 to 40%), and 90 min (20%); and the ratio of triple co-transformation activity to that of the central NA118+ marker was not drastically changed for all peak fractions measured (Table 1) . Quantitatively, the missing radioactivity matched roughly the extent of biological inactivation of the donor DNA minus the approximate 20% acid solubilization this DNA underwent in every experiment. The small change in triple co-transformation efficiency of the rapidly sedimenting (integrated) donor DNA fraction in the 60-min lysate suggests that the integration involved whole or nearly whole donor DNA molecules rather than fragments.
Very similar results were obtained when the recipient cells were suspended in fresh broth at 2.5 x 106 colony-forming units per ml. I followed this suspension for 120 min at 38 C. Owing to the fact that the ratio of adsorbed donor DNA to recipient DNA decreases twofold for every half hour (generation time) of incubation, sucrose density-gradient centrifugation of the 90-and 120-min lysates could not give accurate measurements of the radioactivity distribution over the gradient. In addition, the triple co-transformation activity of peak fractions was too low to be reliable. It appeared, however, that the nonintegrated donor DNA was more heterodisperse after the longer incubation times.
In a number of repeat experiments, integration varied from roughly 0.8 to 2 DNA molecules out of every 10 adsorbed whereas intracellular destruction at 60 min of incubation ranged from four to six molecules. The nonintegrated donor DNA fraction at 60 min varied from one to three molecules.
Nature of the biological inactivation products. Repeated experiments had always shown an incomplete recovery of input radioactivity from sucrose density gradients for lysates of cultures that had been incubated for 20 min or longer. The zero-time lysates always gave complete recovery. Diluting the lysates before layering them onto gradients had no effect. Losses also occurred in sucrose gradients made up of SSC or when polyallomer tubes were used. Pipetting 0.6 ml of 60% sucrose in the bottom of the gradient tubes did not abolish the losses either. By cutting the tubes into sections and measuring these in a Beckman liquid scintillation counter, I could show that the lost radioactivity had been adsorbed onto the tubes. Following a suggestion by J. Herbert Taylor, the attached radioactivity was quantitatively eluted by soaking the tubes two times for 24 h in ice-cold 10 mM NaCl. The resulting solutions contained virtually no NA118+ donor DNA activity (less than 1% based on radioactivity). They were mixed with an equal volume of 50 mM sodium phosphate at pH 6.8 and filtered through a column (15 by 7 mm) of hydroxyapatite. This had been calibrated by Taylor and his co-workers using as markers heavily sheared native and denatured hamster cell DNA fragments (about 2 microns long). The columns were then washed with 2 ml of 50 mM phosphate, 2 ml of 0.2 M phosphate (twice), 2 ml of 0.3 M phosphate, and finally with 2 ml of 0.4 M phosphate. Eluted fractions were dried on 2-inch (ca. 5.08 cm) planchets and counted for 50 min in a Beckman gasflow Geiger counter with a background of 1.3 counts/min. Table 2 gives the elution patterns for a number of lysates. The results indicated that the recovered radioactivity consisted of short single DNA strands (washing through the column) and of short double- Nature of the nonintegrated donor DNA. Steinhart and Herriott (12) have reported that some recipient DNA is acid solubilized during integration of donor DNA. Muhammed and Setlow (8) have confirmed this observation. Thus, it was speculated that the insertion of single donor DNA strands leads to the depolymerization of the replaced recipient chromosome segments. However, in view of the failure to demonstrate the presence of single donor DNA strands in recipient cells (9, 13, 15) , I decided to investigate the possibility that part of the nonintegrated donor DNA had participated in some kind of reciprocal recombination event.
The doubly defective lysogen NA118NG140 (possessing the NG137+ prophage marker) was exposed to unlabeled DNA extracted from pure mutant phage NG137. Recipient cell lysates were prepared at various times thereafter. The inactivation of the central donor DNA NA118+ marker was normal. I then centrifuged 0.1 ml of the zero time, 20-min, and 60-min lysates through linear sucrose density gradients. 3p_ labeled phage T7 DNA had been mixed in as a sedimentation standard. As controls I used similar lysates prepared from untreated competent cells and from cells that had been exposed to DNA from a nonlysogenic culture. I determined the distribution of radioactivity, recipient bacterial nov, prophage NG137+ transforming activity, and donor DNA NA118+ marker activity throughout the gradients. Figure 4 shows the results. Arrows indicate peak fractions of radioactive phage T7 DNA. I have plotted the ratio of the two recipient markers NG137+ and nov against fraction number. This ratio was constant for all zero-time lysates (controls not shown). It appeared with all 60-min lysates that significant amounts of recipient prophage marker NG137+ activity had accumulated in T7 DNA-containing fractions. This suggests that the activity was carried by phage HP1 DNA-sized DNA molecules. The origin of this activity can be explained by assuming that the donor DNA had undergone a reciprocal recombination event with the recipient prophage and thus acquired the NG137+ marker. However, since both control experiments showed the same accumulation, a much more likely explanation is that our method of (18) , whereas in nonlysogenic bacteria the DNA can be viewed as heterologous. By comparing the changes the HP1 DNA undergoes in these two kinds of recipients, the relationship of some of the changes to the actual integration step might be better understood.
Acid-soluble breakdown. About 20% of adsorbed DNA is acid solubilized within 20 min after adsorption (15) . This process occurs in both lysogens and nonlysogens. Although dinitrophenol blocks the biological inactivation and integration (13, 15) , it does not affect acid solubilization. It has therefore been argued that this process is not likely to be an integral part of the donor DNA incorporation step (15) .
Biological inactivation. Our measurements indicate that out of every 10 donor HP1 DNA molecules adsorbed, from four to six are biologically inactivated within 60 min of incubation. This phenomenon is observed in both lysogenic and nonlysogenic recipients; it is blocked by dinitrophenol (15) . The similarity in the kinetics of inactivation of three single phage markers and their triple combination suggests to us that the donor DNA molecules involved are completely rather than partially destroyed. In this view, the biological inactivation is considered not to be the consequence of DNA synapsis and integration. It could simply reflect the ability of cells to eliminate penetrated DNA, in which case the donor DNA breakdown products would not reveal anything about the nature of the DNA integration process. Of course the biological inactivation phenomenon could in some way be a preliminary step leading to DNA synapsis and/or integration, but then its relationship to integration is not clear.
The observed losses of radioactivity during sucrose density-gradient centrifugation of recipient cell lysates may not have been detected in an earlier study (13) Integration. My measurements indicate that one or two donor HP1 DNA molecules out of every 10 adsorbed are integrated into the recipient chromosome. The observed triple marker transformation efficiency of reisolated integrated fractions suggests that integration (at least at that stage) involves whole or nearly whole donor DNA molecules. In my laboratory, about one of every 12 adsorbed NA118+ markers is genetically integrated in the sense that it is passed on indefinitely to daughter cells. Thus, a fraction of the initially integrated NA118+ markers is subsequently lost. This process has been referred to as marker repair (7) and has recently been demonstrated to occur in D.
pneumoniae transformation (11) , but only in the heteroduplex state (integrated). I have made efforts to observe this marker repair process by measuring triple-marker co-transformation efficiencies of reisolated integrated donor DNA (fast sedimenting in sucrose density gradients) in lysates of cells that had been incubated for periods exceeding 60 min. The results were not conclusive.
In summary, I can say that the efficiency of genetic integration of phage HP1 DNA into the resident prophage appears to be the result of a number of different and possibly unrelated processes: acid-soluble breakdown (at the cell surface?) of about 20% of the adsorbed DNA; 40 to 60% intracellular biological inactivation; 10 to 20% nonintegration; and 10 to 20% integration followed by marker repair. It is presently my view that the first two phenomena, i.e., acid-soluble breakdown and biological inactivation, are not necessarily related to the actual donor DNA integration process although they could in some was reflect that peculiar status of the cells competence.
